. Moderate-to-severe ischemic conditions increase activity and phosphorylation of the cerebral microvascular endothelial cell Na
-Cl
Ϫ cotransporter is stimulated by conditions present during ischemia and that inhibition of the cotransporter by intravenous bumetanide greatly reduces edema formation in the rat middle cerebral artery occlusion model of stroke. The present study focused on investigating the effects of hypoxia, which develops rapidly in the brain during ischemia, on the activity and expression of the BBB Na ϩ -K ϩ -Cl Ϫ cotransporter, as well as on Na ϩ -K ϩ -ATPase activity, cell ATP content, and intracellular volume. Cerebral microvascular endothelial cells (CMECs) were assessed for Na ϩ -K ϩ -Cl Ϫ cotransporter and Na ϩ -K ϩ -ATPase activities as bumetanide-sensitive and ouabain-sensitive 86 Rb influxes, respectively. ATP content was assessed by luciferase assay and intracellular volume by [ 3 H]-3-O-methyl-D-glucose and [ 14 C]-sucrose equilibration. We found that 30-min exposure of CMECs to hypoxia ranging from 7.5% to 0.5% O 2 (vs. 19% normoxic O2) significantly increased cotransporter activity as did 7.5% or 2% O 2 for up to 2 h. This was not associated with reduction in Na ϩ -K ϩ -ATPase activity or ATP content. CMEC intracellular volume increased only after 4 to 5 h of hypoxia. Furthermore, glucose and pyruvate deprivation increased cotransporter activity under both normoxic and hypoxic conditions. Finally, we found that hypoxia increased phosphorylation but not abundance of the cotransporter protein. These findings support the hypothesis that hypoxia stimulation of the BBB Na ϩ -K ϩ -Cl Ϫ cotransporter contributes to ischemia-induced brain edema formation.
edema; blood-brain barrier; bumetanide; cell volume DURING STROKE, the early stages of brain edema formation involve net uptake of ions and water from blood into brain across an intact blood-brain barrier (BBB), with breakdown of the barrier not occurring until 4 -6 h after the onset of ischemia (24, 31, 42) . In the healthy normoxic brain, BBB endothelial cells secrete up to 30% of brain interstitial fluid as they transport Na ϩ and Cl Ϫ across the barrier (9, 22) . Ischemia induces BBB hypersecretion of Na ϩ and Cl Ϫ into the brain, promoting edema formation (24, 31, 42) . At the same time, cytotoxic edema develops as astrocytes take up Na ϩ , Cl Ϫ , and water from the brain interstitial space and rapidly swell (7, 18, 23) . Although the ion transport pathways responsible for BBB hypersecretion have not been well understood, previous studies (4 -6, 19, 42) have provided evidence that the process occurs via a luminal Na ϩ transporter working in tandem with abluminal Na ϩ -K ϩ -ATPase and Cl Ϫ efflux pathways. Our previous studies have provided immunoelectron micrographic evidence that the Na ϩ -K ϩ -Cl Ϫ cotransporter is located predominantly in the luminal membrane of BBB endothelial cells in situ (34) , consistent with the hypothesis that the cotransporter serves as the luminal Na ϩ and Cl Ϫ influx pathway during ischemia-induced BBB Na ϩ and Cl Ϫ secretion and subsequent edema formation. In further support of this hypothesis, we have also demonstrated that intravenous administration of the Na ϩ -K ϩ -Cl Ϫ cotransport inhibitor bumetanide greatly reduces edema formation that occurs in the early stages of stroke before BBB breakdown (34) . If the Na ϩ -K ϩ -Cl Ϫ cotransporter is a major contributor to edema formation in stroke, then activity of the cotransporter should be stimulated by conditions present during cerebral ischemia. In a recent study (37) , we found that arginine vasopressin, which is released centrally during stroke, and which has been shown to induce edema formation, is a potent and rapid stimulator of the cerebral microvascular endothelial cell (CMEC) Na ϩ -K ϩ -Cl Ϫ cotransporter. In the present study, we turned our attention to examining the effects of hypoxia on the CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter. Hypoxia, which develops rapidly during stroke due to the low O 2 store in the brain, is a prominent factor present during ischemia. However, little is known about how it affects BBB ion transporters. Previous studies (20, 21) have shown that inducing chemical hypoxia with oligomycin causes an increase in CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity and that a 24-h exposure to true hypoxia can also stimulate the cotransporter. However, it is not known whether true hypoxia stimulates the cotransporter in a manner consistent with the ischemia-induced edema formation that occurs during stroke. If hypoxia stimulation of the Na ϩ -K ϩ -Cl Ϫ cotransporter contributes to edema formation, we should see that hypoxia levels typically found in a focal ischemic area stimulate the cotransporter and that this occurs within the first hour of ischemia. Thus, in the present study, we tested the effects of hypoxia at varying levels and exposure times on activity of the CMEC Na
Ϫ cotransporter. Because our hypothesis predicts that hypoxia increases cotransporter activity in a manner that supports secretion of Na ϩ and Cl Ϫ across the barrier in conjunction with abluminal Na ϩ -K ϩ -ATPase activity, in this study, we also evaluated the effects of hypoxia on activity of the Na ϩ -K ϩ -ATPase. In addition, we tested the effects of hypoxic conditions found to stimulate cotransporter activity on ATP content and intracellular volume of the cells. Finally, as an initial investigation of mechanisms involved in hypoxiastimulated Na ϩ -K ϩ -Cl Ϫ cotransporter activity, we determined whether hypoxia alters the expression and/or phosphorylation of the CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter protein. We report herein that the CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter is stimulated within 30 min by hypoxia levels ranging from 39% to 2.6% of normoxia but that neither ATP content nor Na ϩ -K ϩ -ATPase activity is significantly reduced under the same conditions. In addition, we provide evidence that exposure of the cells to hypoxia does not produce a significant increase in cell volume until 4 to 5 h of exposure, which is consistent with cotransporter stimulation supporting secretion during early phases of stroke, rather than a simple swelling of the BBB cells. Finally, we report that hypoxia conditions that stimulate CMEC cotransporter activity also increase phosphorylation of the cotransporter protein.
MATERIALS AND METHODS
Cell culture. Bovine CMECs were grown on collagen-and fibronectin-coated multiwell plates. Culture medium used was Dulbecco's modified Eagle's medium (DMEM) containing 5.6 mM D-glucose, 1 mM Na ϩ -pyruvate, and supplemented with 2 mM Lglutamine, 50 g/ml gentamicin, 1 ng/ml basic fibroblast growth factor, 5% horse serum, and 5% calf serum. Cells were refed with a 50:50 (vol/vol) mixture of fresh DMEM containing 10% fetal bovine serum (FBS) and astrocyte-conditioned medium 2 days before each experiment. Astrocyte-conditioned medium was prepared by exposing primary rat astrocytes to DMEM/10% FBS for 72 h and then filtering the medium through a 0.2-m-thick membrane. CMECs used for this study were obtained from Cell Systems (Kirkland, WA). Astrocytes were isolated and cultured as described by our previous studies (38, 43) . K ϩ influx assays. Na ϩ -K ϩ -Cl Ϫ cotransporter activity of CMECs was assessed as ouabain-insensitive, bumetanide-sensitive 86 Rb influx, and Na ϩ -K ϩ -ATPase activity was measured as bumetanideinsensitive, ouabain-sensitive 86 Rb influx as described by us previously (37, 38) . For the present studies, confluent monolayers of CMEC grown on 96-well plates were placed in a hypoxia chamber (COY Laboratory Products, Grass Lake, MI) preset to 37°C, 5% CO 2, and the desired oxygen level, ranging from 19% O2 to 0.5% O2. O2 levels were lowered by addition of nitrogen gas to the chamber (via O 2 sensor/regulator). Verification of O2 levels in the treatment media (after equilibration with the chamber atmosphere) was done using a Corning dissolved oxygen sensor with Checkmate II meter (Corning, NY). In these studies, normoxic O 2 (control) was 19%, the same O2 level present in the tissue culture incubator used to grow and maintain the cells before the experiment (inclusion of 5% CO 2 in the incubator and hypoxia chamber environments reduces the O2 level to 19% from the ambient level of 20%). It should be noted that previous studies (30, 32) have shown O 2 to be soluble in plastic such that plastic tissue culture wells can provide a source of O2 in anoxia and hypoxia experiments. In a few experiments, we continuously monitored O2 content of 7.5% and 2% media after introduction into a tissue culture well. We found that for 7.5% O 2 media placed in wells with cells (as in our experiments), the O2 level increased to 8.8% by 3 min and fell to 8.1% by 30 min. For 2% O2 media placed in wells with cells, the O2 level increased to 3.2% O2 at 1 min and fell to 2.5% O2 by 30 min. Thus the actual O2 level experienced by the cells in our studies is likely to be transiently somewhat higher (by ϳ1%) than the preequilibrated O 2 level of the assay media added to the wells. If we placed 7.5% or 2% O2 media in wells preexposed to normoxic media alone (i.e., no cells), the O2 levels increased transiently to 10.1% and 4.2%, respectively, before returning to the target O2 levels. However, it should be noted that a previous study has shown O2 release into anoxic media to be markedly decreased in wells previously used to culture cells (and then cells removed before the addition of anoxic media) compared with cells never exposed to media or cells (30) . While it is difficult to create a precise step change from normoxia to hypoxia, our O 2 measurements indicate that by 30 min, the drop to the intended 7.5% and 2% O 2 levels to which the cells are exposed is 93% to 97% complete.
For K ϩ influx assays, immediately upon placing CMECs in the hypoxia chamber, growth medium was replaced with the appropriate pretreatment/assay medium preequilibrated to the desired O 2 level. The pretreatment/assay medium used in the K ϩ flux assays was DMEM containing 10 mM HEPES (HEPES DMEM). This medium also contained (in mM) 5 . In some experiments, glucose and/or pyruvate were omitted from the pretreatment/assay media. CMECs were exposed to the pretreatment media with the desired O 2 level for varying times (up to 240 min), with bumetanide and/or ouabain (final concentrations of 10 and 100 M, respectively) present during the last 7 min. Finally, K ϩ influx was assayed by addition of 86 Rb (1 Ci/ml) to the pretreatment/assay media for a subsequent 7-min incubation. The assay was terminated by rapidly washing monolayers with ice-cold isotonic MgCl 2. Cell-associated radioactivity was determined by liquid scintillation counting after extraction in 0.2% SDS. 86 Rb uptake by the cells, which remains linear throughout the assay period, was calculated as the slope of an uptake versus time plot as described previously (35 -K ϩ -ATPase activities together account for ϳ90% of total K ϩ influx in these cells. ATP measurements. ATP was measured enzymatically by luciferin/ luciferase-generated luminescence. For these measurements, CMEC monolayers on 24-well plates were treated with varying levels of O2 in the hypoxia chamber as described for K ϩ influx assays. At the end of each experiment, assay medium was aspirated, and the cells were immediately lysed using ice-cold 0.1 N NaOH containing 25 mM HEPES (pH 12.7). After 1 min, cell extracts were collected and stored at Ϫ80°C. For assay of ATP, lysates were sonicated for 10 min and the lysate pH was adjusted to 7.8 with 1 N HCl containing 25 mM HEPES. Luminescence was measured at 25°C using a MicroLumat Plus luminometer (EG&G Berthold). For these assays, ATP enzyme/ buffer was automatically added (by luminometer) to each lysate solution. ATP enzyme/buffer contained (in mM) 25 HEPES, 5 MgSO4, 0.5 EDTA, 0.5 dithiothreitol, 0.05 coenzyme A, plus 1 mg/ml BSA and 0.1 mg/ml luciferin/luciferase in glycine buffer (Sigma, St. Louis, MO), pH 7.8. Luminescence was measured 2 s after the addition of ATP buffer. The total protein in each well was measured using BCA assay, and luminescence was expressed as micromoles of ATP per gram of protein.
Gel electrophoresis and Western blot analysis. Cell lysates of CMEC monolayers were prepared for Western blot analysis as described by us previously (38, 43, 46) with some modifications. For these studies, CMECs on 24-well plates were exposed to varying levels of hypoxia in HEPES DMEM for desired times as described for K ϩ influx methods. At the end of the treatment period, wells were washed three times with ice-cold PBS containing 5 mM EDTA (PBS/EDTA) plus protease inhibitors and phosphatase inhibitors (38, 43, 46) . Cells were then lysed in PBS/EDTA containing 1% SDS plus protease and phosphatase inhibitors. The protein content of each lysate was analyzed in triplicate by BCA assay (Pierce) to ensure equal loading onto gel lanes. Lysate samples and prestained molecular weight markers (Bio-Rad, Hercules, CA) were denatured in SDS reducing buffer containing dithiothreitol (Invitrogen NuPage, Carlsbad, CA), heated to 70°C for 10 min and loaded onto precast 7.5% Tris-glycine gels (Cambrex PAGEr, Gold Precast, Rockland, ME) for electrophoretic separation (Bio-Rad Mini-PROTEAN II). Resolved proteins were transferred to polyvinylidene difluoride membranes with the use of a Bio-Rad Transblot apparatus. Blots were subsequently incubated for 1 h at room temperature in PBS containing 7.5% milk and 0.1% Tween (PBS/milk) and then incubated for 1 h with T4 monoclonal antibody to detect Na (29) and monoclonal ␤-actin antibody (Abcam, Cambridge, MA) in PBS/milk solution. Blots were washed with PBS-Tween and then incubated for 1 h with secondary antibody (horseradish peroxidase-conjugated goat anti-mouse IgG), and bound secondary antibody was visualized with the use of an enhanced chemiluminescence assay (Amersham Biosciences) and a FujiFilm LAS-3000 Imaging System (Medford, UK). Band intensity was quantified using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). For detection of phosphorylated NKCC (p-NKCC) protein, we used the polyclonal R5 antibody raised against a diphosphopeptide containing Thr 212 and Thr 217 of human NKCC as described previously (13, 14) , together with horseradish peroxidase-conjugated goat anti-rabbit IgG as secondary antibody. The R5 antibody recognizes p-NKCC over the nonphosphorylated NKCC protein with high affinity and specificity. This antibody has been shown to detect NKCC phosphorylation effectively, with a quantitative relationship between the level of phosphorylation detected by the R5 antibody vs. 32 P incorporation into T4-immunopreciptated protein (13) . For both NKCC (T4) and p-NKCC (R5) Western blots, ␤-actin was used as a loading control. We analyzed data both with and without normalizing to the ␤-actin bands and found no difference in the results.
Cell volume measurements. Intracellular volume was determined by radioisotopic evaluation of intracellular water space using [ 3 H]-3-O-methyl-D-glucose and [
14 C]-sucrose as markers of total and extracellular water space, respectively, by modification of previously described methods (3, 26, 27) . CMECs grown on 24-well plates were exposed to varying levels of hypoxia for varying times in HEPES DMEM with or without glucose as described for K ϩ influx methods. During the last 20 min of hypoxia treatment, 0.25 Ci/ml
14 C]-sucrose were added to the wells. (Isotopic equilibration is achieved within 10 min under our assay conditions.) The assay was terminated by aspirating and rapidly rinsing wells with ice-cold MgCl2. The dishes were air dried and then extracted with 0.1% SDS for quantification of radioactivity and protein. Intracellular volume was calculated as the difference between water space determined for [ 3 H]-3-O-methyl-D-glucose (a measure of intracellular plus trapped extracellular volume), and water space was determined for [ 14 C]-sucrose (a measure of trapped extracellular volume). For experiments in which we used HEPES DMEM without glucose, nonradioactive 3-O-methyl-D-glucose was included in the medium in place of glucose (3, 26, 27) .
Materials. DMEM and L-glutamine were purchased from GIBCO-BRL (Grand Island, NY) and gentamicin was from AG Scientific (San Diego, CA). FBS and calf serum were obtained from HyClone (Logan, UT). Horse serum and oligomycin were from Sigma (St. Louis MO). Bumetanide and ouabain were from ICN Biomedicals (Costa Mesa, CA), 86 Rb was from Perkin-Elmer (Welles, MA), and Statistics. All values shown in figures and tables are means Ϯ SE. In each experiment, at least 3-4 replicates were taken for each condition and averages of replicates were used to calculate K ϩ influx, ATP content, or intracellular volume. Thus the n values used for statistics represent the number of experiments conducted. Data shown were analyzed for significance using a paired Student's t-test or ANOVA as indicated. Differences with P values Ͻ0.05 were considered statistically significant.
RESULTS

Hypoxia stimulates CMEC Na
ϩ -K ϩ -Cl Ϫ cotransporter activity in both the presence and absence of glucose and pyruvate. To evaluate the hypothesis that hypoxia, as a component of cerebral ischemia, stimulates activity of the BBB Na
Ϫ cotransporter to promote edema formation, we first tested the effects of exposing cultured CMECs to varying levels of hypoxia. As shown in Fig. 1A , we found that exposing the cells for just 30 min to 7.5% O 2 , a modest level of hypoxia, significantly increased Na ϩ -K ϩ -Cl Ϫ cotransport activity above that found in cells exposed to normoxia (19% O 2 in these studies as described in MATERIALS AND METHODS). CMEC cotransport activity was also significantly elevated after a 30-min exposure to more severe levels of hypoxia, including 3%, 2%, and 0.5% O 2 (16%, 11%, and 3%, of normoxic O 2 , respectively). For these experiments, cotransporter activity was evaluated as bumetanide-sensitive, ouabain-insensitive K ϩ influx, as described in MATERIALS AND METHODS. In a few experiments, we also evaluated cotransporter activity in the absence of ouabain and found that 30-min exposures of CMEC to 7.5% O 2 or 3% O 2 increased cotransporter activity by 30.9 Ϯ 4.5% and 44.5 Ϯ 6.1%, respectively (means Ϯ SE, n ϭ 4 and 5, respectively), responses similar to those found when cotransporter activity was measured in the presence of ouabain (Fig.  1) . Our hypothesis that hypoxia stimulation of Na ϩ -K ϩ -Cl Ϫ cotransporter activity contributes to edema formation during stroke predicts that Na ϩ entering the BBB endothelial cells at the luminal membrane exits via the abluminal Na ϩ -K ϩ -ATPase. However, hypoxia has been found to reduce ATP levels in many cells, with the severity depending on the degree of hypoxia and the time of exposure. It is therefore possible that although hypoxia stimulates the BBB Na ϩ -K ϩ -Cl Ϫ cotransporter, it could decrease activity of the ATP-dependent Na ϩ -K ϩ -ATPase if ATP levels fell to sufficiently low levels. Thus, in addition to assessing the effects of hypoxia on Na ϩ -K ϩ -Cl Ϫ cotransporter activity, in each experiment we also assessed activity of the Na ϩ -K ϩ -ATPase. Figure 1B shows that exposing CMEC to 30 min of 7.5% O 2 down to 0.5% O 2 did not significantly alter Na ϩ -K ϩ -ATPase activity of the cells. It should be noted that, as measured herein, Na ϩ -K ϩ -Cl Ϫ cotransporter and Na ϩ -K ϩ -ATPase activities are not coupled together, because the cotransporter as assessed in the presence of ouabain and ATPase was measured in the presence of bumetanide. This was done to assess the effects of hypoxia on the cotransporter and the pump independently of each other. In 12 experiments, we evaluated the effect of hypoxia on Na In subsequent experiments examining hypoxia effects on the CMEC Na
Ϫ cotransporter and Na
-ATPase, we focused on two O 2 levels: 7.5% O 2 , a moderate level of hypoxia that might be found in the penumbral region of focal ischemia, and 2% O 2 , a more severe level of hypoxia that can occur in the ischemic core (2) . First, we tested the effect of exposing CMEC to 7.5% O 2 over a time course of 30 to 180 min. This was done to determine whether the cotransporter is stimulated by hypoxia with a time course consistent with ischemia-induced edema formation, i.e., significant edema formation is observed within an hour from the onset of ischemia and continues throughout the time that the BBB remains intact (through 4 -6 h) (6, 31) . As shown in Fig. 2A ,
Ϫ cotransporter activity was significantly increased following 30 to 120 min of exposure to 7.5% O 2 . By 180 min, cotransporter activity fell toward the control (normoxia) activity level. At the same time, activity of the Na ϩ -K ϩ -ATPase was unaltered by 30-to 180-min exposures to 7.5% O 2 (Fig. 2B) . We next examined the effects of 2% O 2 on activity of the CMEC cotransporter. Figure 3A shows that Na
Ϫ cotransporter activity was significantly increased after 30 min of exposure to 2% O 2 . With this more severe hypoxia treatment, after 120 and 240 min, cotransporter activity fell back to levels not significantly different from control (19% O 2 ). In these same experiments, activity of the CMEC Na ϩ -K ϩ -ATPase was not significantly altered by 30-to 240-min exposure to 2% O 2 (Fig. 3B) .
The experiments presented in Figs. 1-3 were all conducted in media containing both glucose and pyruvate (as described in MATERIALS AND METHODS). To determine whether CMEC cotrans- Fig. 1 . Cerebral microvascular endothelial cells (CMEC) Na ϩ -K ϩ -Cl Ϫ cotransporter and Na ϩ -K ϩ -ATPase activities: effects of exposure to varying degrees of hypoxia. Confluent CMEC monolayers were subjected to 30 min of varying O2 levels in glucose-containing media at 37°C using a hypoxia chamber, as described in MATERIALS 20) . No significant differences were found among the groups by ANOVA. Fig. 2 . Effect of 7.5% O2 on CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter and Na ϩ -K ϩ -ATPase activities. CMEC monolayers were exposed to 19% O2 (control) for 30 min or to 7.5% O2 for varying times in glucose-containing medium at 37°C using a hypoxia chamber, as described in MATERIALS AND METHODS. A: porter activity is stimulated by hypoxia in the absence as well as the presence of glucose, we exposed CMECs to 7.5% O 2 in glucose-free media for a time course of 30 to 180 min. In these experiments, we first used media lacking glucose but containing pyruvate and obtained results very similar to those observed for glucose plus pyruvate-containing media, as shown in Table 1 (compare data of Fig. 2A and Table 1 , left column). We also found that, as with experiments conducted in the presence of both glucose and pyruvate, 7.5% O 2 exposures of 30 to 120 min in glucose-free media caused no change in Na ϩ -K ϩ -ATPase activity (data not shown). We next tested the effects of exposing CMECs to 7.5% O 2 in media lacking both pyruvate and glucose and observed that even under these conditions, this moderate level of hypoxia caused significant stimulation of cotransporter activity after 30-, 60-, or 90-min exposure, but not after a 180-min exposure (Table 1) . However, whereas the profile of cotransporter stimulation by 7.5% O 2 was similar for all media tested, regardless of whether glucose and/or pyruvate were present, the overall cotransporter activity values were higher in media lacking both glucose and pyruvate. In fact, simply removing pyruvate from the glucose-free media under normoxic (control) conditions increased cotransporter activity 2.6-fold. Similarly, cotransporter activity in pyruvate-and glucose-free medium was increased 2.4-to 2.6-fold over that found in pyruvate-containing media (either with or without glucose) after 30-to 90-min exposures to 7.5% O 2 . This finding is considered further in the DISCUSSION. In previous studies, we have shown that AVP, a factor present during cerebral ischemia, is a potent stimulator of CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity (34) . During ischemia, BBB endothelial cells are exposed to a combination of factors, including the presence of both AVP and hypoxia. Thus, in the present studies, we evaluated the combined effects of AVP and hypoxia on CMEC cotransporter activity. In these experiments, we used media containing glucose and pyruvate. As shown in Fig. 4 , cotransporter activity of cells exposed to 30 min of 7.5% O 2 plus 10 nM AVP (present during the last 7 min of hypoxia exposure) was not significantly different from cotransporter activity observed with hypoxia or AVP alone. Thus CMEC cotransporter activity is significantly elevated in the combined presence of AVP and hypoxia, although the stimulatory effects of these two factors do not appear to be additive.
Effects of hypoxia treatments that stimulate CMEC Na
Ϫ cotransporter activity on ATP content and cell volume. A commonly held assumption is that hypoxia, or at least hypoxia and aglycemia in combination, can cause a significant reduction of cellular ATP content in BBB endothelial cells. To address this issue, we evaluated ATP content of CMECs after exposing them to either 7.5% O 2 or 2% O 2 in the presence or Data are means Ϯ SE of 5 experiments for glucose-free media and 6 experiments for glucose-and pyruvate-free media. CMEC, cerebral microvascular endothelial cells; ND, not determined. CMEC monolayers were exposed to 19% O2 (control) for 30 min or to 7.5% O2 for varying times in glucose-free medium either containing or lacking pyruvate in a hypoxia chamber, as described in MATERIALS AND METHODS. Na ϩ -K ϩ -Cl Ϫ cotransporter activity was measured as ouabain-insensitive, bumetanide-sensitive K ϩ influx. *P Ͻ 0.05, by ANOVA, significantly different from their respective control values. Fig. 4 . CMEC Na ϩ -K ϩ -Cl Ϫ cotransport activity: combined effects of hypoxia and arginine vasopressin (AVP). CMEC monolayers were exposed to either 19% (normoxia) or 7.5% O2 for 23 min and then exposed to 0 or 100 nM AVP for 7 min in the same normoxic or hypoxic media. Na ϩ -K ϩ -Cl Ϫ cotransporter activity was then assessed as described in MATERIALS (Table 2) . Exposing the cells to 7.5% O 2 for 30 min to 3 h also did not cause a change in ATP content, whether in the presence or absence of glucose (data not shown). These findings indicate that hypoxia stimulates CMEC cotransporter activity in a manner that is independent of a fall in cellular ATP content.
Previous studies (20, 21) of rat brain microvascular endothelial cells demonstrated that treating the cells with oligomycin (1 g/ml for up to 60 min) to induce chemical hypoxia caused an increase in Na ϩ -K ϩ -Cl Ϫ cotransporter activity while also decreasing ATP content of the cells by 60%. In experiments conducted to determine whether our bovine CMEC also exhibited an oligomycin-induced stimulation of cotransporter activity, we exposed the cells to either 30 or 60 min of oligomycin in doses ranging from 0.1 to 5 g/ml. We found that cotransporter activity of the bovine CMEC was maximally stimulated by 30 min of 1 g/ml oligomycin from a control level of 9.33 Ϯ 0.67 to 16 Figure 5A shows that exposing CMEC for 2 h to 7.5% O 2 down to 1% O 2 did not cause a significant change in intracellular volume compared with the normoxic (19% O 2 ) control. When we exposed the cells to 7.5% O 2 for times ranging from 1 to 5 h, we observed that CMEC intracellular volume did not significantly increase compared with that of the normoxic control until after 4-and 5-h exposures (Fig. 5B) .
Effects of hypoxia on CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter protein phosphorylation and abundance. In the present studies, we conducted a preliminary investigation of cellular mechanisms that may underlie the hypoxia-induced increase in CMEC cotransporter activity. For this, we focused on two questions: 1) whether hypoxia alters the amount of Na
Ϫ cotransporter protein in the cells and 2) whether hypoxia causes phosphorylation of the cotransporter. With respect to the first issue, we have shown previously that CMEC cotransporter activity is increased after exposure of the cells to astrocyte-conditioned medium in a manner associated with increased abundance of the Na
Ϫ cotransporter protein (which we denote herein as NKCC) (43) and also that AVP can both stimulate CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity and increase the amount of NKCC in the cells (37) . Thus, in the present study, we evaluated the effect of hypoxia on NKCC abundance using Western blot analysis with the T4 monoclonal antibody that recognizes NKCC. Figure 6 shows that neither treating the cells with 7.5% O 2 for 30 to 180 min nor subjecting the cells to the more extreme conditions of 2% O 2 for 120 or 240 min significantly altered NKCC abundance. This suggests that at least during the early stages of cerebral edema formation in stroke, hypoxia-increased cotransporter activity does not involve an increase in NKCC abundance. With respect to the possibility that hypoxia stimulation of the CMEC cotransporter involves phosphorylation of the cotransporter protein, we have shown previously that the phosphatase inhibitor calyculin A and hyperosmotic solutions both stimulate activity of the Na ϩ - Values are means Ϯ SE; n ϭ 5 experiments each. Confluent CMEC monolayers were exposed to either 19% O2 for 30 min (control) or to 2% O2 for 30 min up to 24 h in either glucose-containing or glucose-free media. *P Ͻ 0.05, significantly different from control values by Student's paired t-test. Fig. 5 . CMEC intracellular volume: effects of varying hypoxia exposures. A: CMEC monolayers were subjected to 2 h of varying O2 levels in glucose-containing media at 37°C using a hypoxia chamber as described in MATERIALS AND METHODS. Intracellular volume was then assessed using 3 [H]-3-O-methyl-D-glucose equilibration. Values are means Ϯ SE of 3 experiments for all conditions and are expressed relative to control. The absolute value for the 19% O2 control was 3.31 Ϯ 0.132 l ⅐ mg protein Ϫ1 (means Ϯ SE). No significant differences were found among the groups by ANOVA. B: CMEC monolayers were subjected to 7.5% O2 in a hypoxia chamber for 1 to 5 h in the same media used in A. Data are means Ϯ SE of 3 experiments. *P Ͻ 0.05 significantly different from control by ANOVA.
Ϫ cotransporter and also increase phosphorylation of the cotransporter protein (44) . To determine whether hypoxia also increases NKCC phosphorylation, in the present study, we exposed CMECs to hypoxia for varying times and then used Western blot analysis with the R5 antibody that specifically recognizes phosphorylated NKCC. As shown in Fig. 7 , exposing the cells to 7.5% O 2 for 30 or 90 min did indeed cause a significant increase in abundance of phosphorylated NKCC (p-NKCC) in the CMEC. Specifically, increases in p-NKCC abundance of 1.62-and 1.76-fold were observed after 30-and 90-min hypoxia exposures. In these experiments, a mean 1.96-fold increase in p-NKCC following 180-min exposure to 7.5% O 2 was observed. However, this was not found to be statistically different from cells exposed to normoxia (control) in Fig. 6 . Abundance of CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter protein (NKCC) after exposures to hypoxia and AVP. CMEC were exposed to 19% O2 (control) for 30 min or to 7.5% O2 for 30, 90, or 180 min (A and B) or 2% O2 for 120 or 240 min (C and D) in glucose-containing media at 37°C using a hypoxia chamber as described in MATERIALS AND METHODS. The abundance of NKCC protein was then determined for each condition using Western blot analysis. Representative Western blots of NKCC abundance for 7.5% and 2% O2 are shown in A and C, respectively. In these experiments, ␤-actin was used as a loading control. NKCC abundance was quantitated by ImageQuant software analysis of Western blots and is shown in B and D for 7.5% and 2% O2, respectively. Values are means Ϯ SE of 7 experiments for each condition. No significant differences were found in NKCC abundance between control and any of the hypoxia exposures by Student's paired ttests. Fig. 7 . Abundance of phosphorylated NKCC (p-NKCC) in CMEC following exposures to hypoxia and AVP. For every Western blot conducted to determine NKCC abundance using the T4 antibody (Fig. 7) , a parallel Western blot was also conducted to evaluate p-NKCC abundance using R5 antibody, as described in MATERIALS AND METHODS. A: representative Western blot of p-NKCC abundance in CMEC exposed to 19% O2 for 30 min or to 7.5% O2 for 30, 90, or 180 min. B: summary of hypoxia effects on NKCC phosphorylation. ImageQuant software was used to quantitate p-NKCC abundance in Western blots. Values shown are means Ϯ SE of 7, 6, 7, and 7 experiments for control (19% O2) and 30, 90, and 180 min of 7.5% O2, respectively. *P Ͻ 0.05, significantly different from control by Student's paired t-tests. C: representative Western blot of p-NKCC abundance in CMEC after a 10-min exposure to 0 or 100 nM AVP (ϪAVP and ϩAVP, respectively). these experiments. Finally, because AVP is increased during cerebral ischemia and stimulates CMEC cotransporter activity, we also tested whether AVP increases p-NKCC abundance. For this, we exposed CMECs to media containing 0 or 100 nM AVP for 10 min under normoxic conditions. In the representative Western blot shown in Fig. 7C , we found that AVP, like hypoxia, caused an increase in CMEC p-NKCC abundance. In six experiments, AVP induced a modest but significant 1.21 Ϯ 0.08-fold increase in p-NKCC over the control (means Ϯ SE, P Ͻ 0.05 by Student's paired t-test). Thus, hypoxia and AVP, two factors present during cerebral ischemia and known to be associated with edema formation, both stimulate CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity and also increase phosphorylation of the cotransporter protein.
DISCUSSION
Hypoxia is a prominent factor present during the early stages of cerebral ischemia when edema rapidly forms across an intact BBB. Our previous studies suggest that the BBB Na
cotransporter is a major participant in ischemia-induced edema formation. The results of the present study demonstrate that hypoxia stimulates activity of the cerebral microvascular endothelial cell Na ϩ -K ϩ -Cl Ϫ cotransporter within 30 min and that this occurs over a range of hypoxia levels from moderate to severe. Our studies also show that the levels of hypoxia that stimulate activity of the CMEC cotransporter neither decrease cell ATP content or Na ϩ -K ϩ -ATPase activity nor cause an increase in CMEC cell volume within the first 3 h of hypoxia exposure. Finally, we provide evidence herein that hypoxia stimulation of CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity is associated with an increase in phosphorylation of the cotransporter protein.
The results of our present studies reveal that the CMEC cotransporter is stimulated by hypoxia within 30 min of exposure to a broad range of O 2 levels from 7.5% O 2 down to 0.5% O 2 (39% to 3% of normoxic O 2 ). These levels are representative of O 2 content approximated for core and penumbral regions, respectively, of an ischemic focus (2, 28) , suggesting that during cerebral ischemia, a rapid hypoxia-induced increase in BBB Na ϩ -K ϩ -Cl Ϫ cotransporter activity occurs in both core and penumbra. We also found that cotransporter activity remains elevated in the continued presence of hypoxia for longer periods with 7.5% than with 2% O 2 . This is consistent with the observation that greater increases in water and Na ϩ content are found in the periphery compared with the center of focal cerebral ischemia in gerbils subjected to right common carotid artery occlusion (19) . In addition, our finding that the CMEC cotransporter is stimulated by relatively brief exposure to hypoxia is consistent with previous studies (12, 33, 40) demonstrating that deoxygenation rapidly stimulates the erythrocyte Na ϩ -K ϩ -Cl Ϫ cotransporter. For example, turkey erythrocytes exposed for only 15 min to 9% O 2 (47% of normoxic levels) showed increases in cotransporter activity (33) as did ferret erythrocytes exposed to 10 min of anoxia (11) .
Our studies also show that hypoxia can stimulate CMEC cotransporter activity independently of aglycemia. Cerebral ischemia typically involves a reduction in both O 2 and glucose. However, a decrease in O 2 alone is sufficient to elevate CMEC cotransporter activity because we observed this effect of hypoxia whether the cells were treated in medium with or without glucose. A rather surprising finding was that simply exposing cells to normoxic medium lacking pyruvate and glucose increased cotransporter activity ϳ2.6-fold over that observed in normoxic medium containing pyruvate (with or without glucose), and, similarly, hypoxia-stimulated activity was also 2.6-fold higher than that observed in pyruvate-containing medium. Thus the stimulatory effects of hypoxia and pyruvate removal appear to be additive. This finding is explored further in the context of possible signaling pathways regulating CMEC cotransporter activity at the end of the DISCUSSION. Previous studies have shown that exposing CMECs to 24 h of 2% O 2 results in increased Na ϩ -K ϩ -Cl Ϫ cotransporter activity and that this is associated with ϳ40% decreases in cell ATP content and Na ϩ -K ϩ -ATPase activity (20) . In contrast to those observations following a 24-h hypoxic exposure, our present studies demonstrate that hypoxia stimulation of CMEC cotransporter activity occurring in the first minutes and hours after the onset of hypoxia is not associated with a drop in cell ATP content or a fall in Na ϩ -K ϩ -ATPase activity. This was found to be true whether the cells were exposed to hypoxia alone or to hypoxia/aglycemia and whether the hypoxia level was 7.5% or 2% O 2 . In our studies, only after 24 h of exposure to 2% O 2 did ATP levels fall, and in that case we observed the same ϳ40% reduction in ATP previously reported for rat CMEC (20) . Thus hypoxia stimulation of CMEC cotransporter activity does not appear to occur via a mechanism requiring a fall in cellular ATP content. However, oligomycin-induced chemical hypoxia can stimulate cotransporter activity while reducing ATP content in rat CMECs (20) and in bovine CMECs (this study). Thus it appears that hypoxia can stimulate the cotransporter even when ATP is reduced. In addition, our present finding that Na ϩ -K ϩ -ATPase activity is not decreased by the O 2 levels and exposure times found to stimulate the CMEC cotransporter (even 2% O 2 for up to 4 h) supports the hypothesis that the luminal BBB Na ϩ -K ϩ -Cl Ϫ cotransporter works with the abluminal Na ϩ -K ϩ -ATPase during cerebral ischemia to secrete Na ϩ and Cl Ϫ into the brain. This is further supported by the finding that Na ϩ -K ϩ -ATPase activity measured in the absence of bumetanide (i.e., with a functioning Na
is actually stimulated by hypoxia. The Na ϩ -K ϩ -Cl Ϫ cotransporter is well known to function in volume regulation in a variety of cells, including endothelial cells (41) . In earlier studies (36), we showed that in bovine aortic endothelial cells (BAECs), the cotransporter is stimulated by cell shrinkage to mediate a regulatory volume increase, thus restoring intracellular volume. In addition, exposure of BAECs to AVP, endothelin-1, or bradykinin stimulates cotransporter activity and also increases resting intracellular volume of the cells (36) . We have also shown previously that the CMEC cotransporter is stimulated by exposure to hyperosmotic media (38) , indicating that the cotransporter very likely contributes to regulation of intracellular volume in CMECs. Thus the possibility must be considered that hypoxiainduced stimulation of the CMEC cotransporter could simply cause the cells to swell rather than to participate in edema formation by secreting Na ϩ and Cl Ϫ across the BBB. The results of the present study suggest that this is not the case, because we observed an increase in CMEC intracellular volume only after 4 or more hours of exposure to hypoxia. This further supports a role for the cotransporter in ischemiainduced BBB Na ϩ and Cl Ϫ secretion and edema formation occurring during the early hours after stroke before breakdown of the barrier occurs. Our present studies included an initial investigation of signaling events that may be involved in hypoxia-induced stimulation of CMEC Na
Ϫ cotransporter activity. Stimulation of the cotransporter has been shown to be associated with phosphorylation of the Na ϩ -K ϩ -Cl Ϫ cotransporter protein (NKCC) in several cell types, including erythrocytes, rat parotid acinar epithelial cells, and shark rectal gland (11, 13, 14, 33) . We have shown previously that 32 P incorporation into NKCC protein of BAECs is increased by factors that stimulate the cotransporter, including AVP, bradykinin, and hyperosmotic media. We have also found increased phosphorylation of NKCC protein in both BAECs and CMECs upon exposure to the phosphatase inhibitors okadaic acid and calyculin A (39, 44) . More recently, one of us (Forbush and coworkers) developed an antibody (R5) that recognizes phosphorylated NKCC protein and demonstrated that NKCC phosphorylation mirrors activation of the cotransporter in HEK-293 cells, shark rectal gland, rat parotid gland, and rat colonic epithelium (13, 14) . Previous studies (14) using the R5 antibody have also demonstrated AVP-induced increases in phosphorylation of the renal thick ascending limb Na ϩ -K ϩ -Cl Ϫ cotransporter. Our present studies using the R5 antibody have revealed that exposing CMECs to hypoxia increases NKCC phosphorylation and that this occurs with a magnitude and time course similar to the hypoxia-induced increase in cotransporter activity. Our studies also reveal that AVP stimulation of CMEC cotransporter activity is associated with increased NKCC phosphorylation. In the case of AVP, the relative increase in phosphorylation observed was modest compared with the increase in activity. The fact that the R5 antibody was raised against a diphosphopeptide containing Thr 212 and Thr 217 of human NKCC suggests that the CMEC cotransporter is likely phosphorylated on one or both those residues. However, it is possible that phosphorylation could occur on other residues as well. Thus the magnitude of phosphorylation observed with the R5 antibody may not reveal the full extent of CMEC NKCC phosphorylation on exposure to AVP and/or hypoxia. In any case, our findings demonstrate that hypoxia and AVP do indeed cause phosphorylation of the CMEC cotransporter as well as stimulation of cotransporter activity and that the phosphorylation is recognized by the R5 antibody, which targets phosphothreonine in the NKCC protein.
While hypoxia increases phosphorylation of CMEC NKCC protein, exposures of up to 4 h do not alter the abundance of NKCC. This is in contrast to a previous report (45) that NKCC protein of cerebral cortex was found to increase after 2 h of ischemia plus 0 to 24 h of reperfusion. However, that study used spontaneously hypertensive rats and also examined NKCC protein of intact cerebral tissue, thus including multiple cell types. Our studies also show that as with hypoxia, AVP increases phosphorylation of CMEC NKCC protein (this study) but does not increase CMEC NKCC abundance at exposures up to 4 h (37). These findings suggest that the CMEC cotransporter is stimulated by hypoxia and AVP over a time course consistent with early edema formation during stroke in a manner that does not involve an increase in the amount of NKCC protein.
The present study has not addressed the possible signaling pathways that lead to hypoxia-induced phosphorylation and ] i may participate in hypoxia stimulation of the CMEC cotransporter. In addition, hypoxia stimulation of turkey erythrocyte cotransporter activity can be inhibited by the protein kinase C inhibitor staurosporine (33) , and staurosporine reduces bovine CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter activity stimulated by 6 h of combined hypoxia/aglycemia (1) . There is also evidence that hypoxia activates the phosphatidylinositol 3-kinase/Akt pathway in porcine CMECs (10) . Whether these pathways and/or other kinase pathways are involved in hypoxia stimulation of the CMEC cotransporter remains to be determined.
Our observation that CMEC cotransporter activity was increased more than twofold simply by removing pyruvate and glucose from the assay medium suggests that the cotransporter is highly sensitive to the metabolic status of the cells. In this regard, AMP-activated protein kinase (AMPK) is rapidly emerging as an important sensor of cell metabolic status and has been shown to be activated by hypoglycemia as well as by hypoxia and ischemia (16, 17) . Even very small decreases in the cell ATP/ADP ratio through adenylate kinase conversion of ADP to AMP cause activation of AMPK, which then acts on a variety of targets (16, 17, 25) . Among these, AMPK appears to modulate cystic fibrosis transmembrane conductance regulator activity in T84 cells, thereby coupling ion transport to cell metabolism, and it has been suggested that AMPK very likely also modulates the activity of other ion transport proteins (15) . This suggests the possibility that CMEC cotransporter stimulation by pyruvate removal could occur through activation of AMPK. Furthermore, because AMPK can be activated by hypoxia, it is possible that it may also participate in hypoxia stimulation of CMEC cotransporter activity. Determining the signaling pathways that mediate the effects of hypoxia and metabolic status on the CMEC cotransporter activity requires further study.
In summary, the main findings of the present study, i.e., that the CMEC Na ϩ -K ϩ -Cl Ϫ cotransporter is sensitive to and rapidly stimulated by modest to severe reductions in O 2 without significant changes in Na ϩ -K ϩ -ATPase activity, cell ATP content, or cell volume, collectively support the hypothesis that during the early hours of stroke, hypoxia stimulation of the cotransporter contributes to cerebral edema formation. In addition, our findings suggest that hypoxia effects on the cotransporter are mediated, at least in part, by phosphorylation of the cotransporter protein. 
